A comparison of Pycnoporus cinnabarinus strains for laccase production was carried out. A dikaryotic strain, I-937 strain, producing a high level of laccase (9500 U l 31 ) was selected. The study of the life cycle in vitro of this dikaryotic strain led to isolation of monokaryons. Forty-eight monokaryotic strains were isolated and screened for laccase production. One of these strains, ss3, produced a higher level of laccase than the parental strain I-937. The maximum production reached 29 000 U l 31 in medium supplemented with ferulic acid. ß
Introduction
Laccases (p-diphenol oxygen oxidoreductase, EC 1.10.3.2) are blue multi-copper enzymes. In white rot fungi they are believed to be involved in lignin degradation by catalysing the oxidation of phenolic substrates coupled to the reduction of molecular oxygen into water. However, the substrate range of laccases can be extended to nonphenolic subunits of lignin by including a mediator such as ABTS (2,2P-azino-bis-[3-ethylthiazoline-6-sulfonate]) [1] . According to their capability to polymerise or depolymerise aromatic substrates, laccases can be exploited for a number of environmental applications including waste water treatment, biopulping, biobleaching [2] , synthesis of polymers by reticulation of phenolic compounds [3] , but also soil bioremediation [4] . The potential implication of laccase in biotechnology has stimulated the investigations for its production in high quantities. The heterologous expression of laccase genes has been successfully used for the production of laccase [5] . Alternatively, the research of microorganisms as natural producers of laccase is to be developed, even though at present there is no clear comparative study or evidence showing that the recombinant technology in modi¢ed yeast or hypersecretory ascomycete strains is superior to the natural homologous laccase producer. Laccases are widely distributed in fungi, they are produced by deuteromycetes like Aspergillus [6] or Botrytis cinerea [7] species or ascomycetes such as Neurospora crassa [8] , Podospora anserina [9] and by numerous genera of basidiomycetes [10] . In white rot fungi these enzymes are inferred to oxidise lignin and have been implicated in the degradation of lignin by various fungi. Thus most of the white rot fungi such as Trametes villosa [11] , Trametes versicolor, Pleurotus ostreatus, Fomes annosus, Rhizoctonia praticola [12] , Lentinus edodes [13] , Schizophyllum commune [14] or Pycnoporus cinnabarinus [15] produce laccase. However, P. cinnabarinus is claimed to produce laccase as the predominant ligninolytic enzyme. Consequently, P. cinnabarinus is described as a model organism for studying laccase and its implication in lignin degradation [16] . In addition, the production of a predominant exocellular enzyme saves puri¢cation steps for direct application of laccase in the di¡erent processes in which recombinant technology is not desirable. In this context, we investigated the isolation of P. cinnabarinus strain variants producing a high level of laccase. Screening for laccase production was ¢rst carried out on dikaryotic strains of P. cinnabarinus of various sources. Then, new monokaryotic cellular lines were isolated from the best dikaryotic strain selected for its potential to produce a high level of laccase.
Materials and methods

Microorganisms
The dikaryotic P. cinnabarinus strains used in this study are shown in Table 1 . P. cinnabarinus monokaryotic strains were isolated from the fruiting-like structure of the I-937 strain and developed on a Petri dish of 15 cm diameter containing about 25 ml of a malt agar medium (20 g l 31 agar, 20 g l 31 malt extract). The strains were maintained on malt agar slant cultures grown at 30³C and kept at 4³C. [17] (1 ml l 31 ). In induction assays, 0.5 mM ferulic acid was added to the culture medium on day 3.
2.2.2.
Inoculation of the culture medium and culture conditions Inoculum was obtained from 10-day-old non-agitated precultures grown in Roux £asks containing 200 ml of medium and incubated at 30³C. The £asks were inoculated starting with 5 mm malt agar discs of mycelium (¢ve per £ask) from a Petri dish. Four mats of this preculture were ground (ultraturax 10 000 rpm, 60 s) in 100 ml of puri¢ed water (MilliQ, Millipore). 5 ml of that suspension was used for the inoculation of each 250-ml Erlenmeyer £ask containing 100 ml of the basal medium. Incubation was carried out at 30³C in a rotary shaker (Infors AG, Switzerland) at 120 rpm. Assays were carried out in triplicate.
Microscopic observations and DAPI staining
The morphology of the fungi was observed using a £u-orescence microscope (Olympus BH2) linked to a video system (Sony). The nuclear apparatus of the fungi was stained for 15 min by a solution including 10 mg of p-phenylenediamine dissolved in 1 ml of water, 225 Wl of a 1 mg ml 31 DAPI (4P,6-diamidino-2-phenylindole dihydrochloride) solution and 9 ml of glycerol as a mounting agent. After labelling, nuclei were counted by £uorescence on the microscope.
Isolation of the monokaryotic spores
The composition of the fructi¢cation medium (MA2) was: 20 g l 31 agar and 20 g l 31 malt extract broth. Petri dishes were maintained at 30³C in the dark for 15 days then exposed to daylight for 2^3 weeks at room temperature. At the laboratory scale, fruitbody-like structure had an orange-red to cinnabar-red colour and appeared after the aerial white vegetative mycelium developed in the dark. The Petri dish cover was changed and the Petri dish put upside down. The monobasidiospores were harvested in the covers of the dishes with sterile water. Spore suspension were diluted to get 5^10 colonies per 15 cm diameter Petri dish containing MA2 solid agar medium in order to obtain isolated colonies. Before spreading, the spores were counted and stained with DAPI to con¢rm the absence of vegetative dikaryotic spores. Moreover, the pure culture isolates were picked up under a binocular microscope and maintained on MA2 individual Petri dishes, incubated at 30³C for 5 days and stored at 4³C. Fragments of mycelium were stained with DAPI for veri¢cation of the monokaryotic state of the individual cells of the mycelial hyphae.
Spot test detection of phenoloxidase activity of the monospore colonies
Three 5-mm agar discs from the periphery to the central part of mycelial colony were deposited in an individual well of a 96-well plate and covered with 100 Wl of a 0.05% TMB (3,3P,5,5P-tetramethylbenzidine) solution. After 15 min, change of coloration was observed. Low to high laccase activity ranged over light to dark blue.
Assays for enzyme activities
After removing the mycelium by ¢ltration, laccase activity was determined by monitoring the OD 420 change (extinction coe¤cient: 36 000 mM 31 cm 31 ) on a Uvikon spectrophotometer (Kontron Instruments) related to the rate of oxidation of ABTS (500 WM) in sodium tartrate bu¡er (500 mM, pH 4). Assays were done on 1-ml cuvettes at 30³C with 50 Wl of enzymatic solution or adequate dilution. Enzyme activity was expressed in international units (U). One unit of activity allows the transformation of 1 Wmol of substrate in 1 min.
Lignin peroxidase activity was determined spectrophotometrically at 30³C by the method of Tien and Kirk [18] . One unit of enzyme activity is equivalent to 1 Wmol of product formed per minute. Manganese(II)-dependent peroxidase activity was determined spectrophotometrically at 30³C by the method of Paszczynski et al. [19] . One unit of enzyme activity is equivalent to 1 Wmol of substrate oxidised per minute.
Assays were carried out in triplicate for each dilution and at least on two di¡erent dilutions. Standard deviation did not exceed 10% of the average values.
Carbon, nitrogen assay and growth measurement
Five hundred microlitres of culture were ¢ltered through a 0.2-Wm Dynagard hollow ¢bre ¢lter (Merk-Clevenot) prior to high performance liquid chromatography analysis on a HP 1050 ChemStation (Hewlett-Packard). Chromatographic separation was performed on a 300U7.8 mm HPX-87P column (Bio-Rad) at 80³C with water (pH 6.5) as mobile phase (£ow rate 0.4 ml min 31 ). Detection was made on a HP 1047 A refractometer. In these conditions, the retention time of pure maltose was 16.6 min. Calibration was performed with glucose, maltose, cellobiose and glycerol as standards (Sigma-Aldrich).
The nitrogen concentration was determined with the indophenol blue method (kit purchased from Merk-Clevenot) according to the protocol supplied by the manufacturer.
Growth was measured in terms of the dry weight of mycelium after ¢ltration on glass ¢bre (GF/D, Whatman) and drying at 105³C to constant weight.
Immunoblot
Sampling of extracellular medium for sample loading on SDS-PAGE gels was done at constant volume. Each lane of the gel contained 10 Wl of supernatant. Electrophoreses were performed in a 10% SDS polyacrylamide gel [20] . Proteins were electrotransferred to PVDF (polyvinylidene di£uoride) membrane (Immobilon-P, Millipore).
Immunodetection of laccase was performed following the method described by Bonnarme et al. [21] with speci¢c rabbit immune sera raised against FPLC-puri¢ed laccase.
Results and discussion
Strains of P. cinnabarinus from various origins were compared for their ability to produce laccase activity in liquid culture. The production of laccase by the di¡erent strains varied in the range of 55 U l 31 to 4030 U l 31 (Fig.  1A) . The best results were obtained in ferulic acid-supplemented medium; for each strain laccase production was markedly enhanced and reached an activity range of 330 U l 31 to 9500 U l 31 (Fig. 1A ). This result suggested the possible existence of induced and non-induced forms of laccase as found in various white rot fungi [22] . The best strain, I-937, produced 4030 U l 31 and 9500 U l 31 in nonsupplemented and supplemented cultures respectively. This strain underwent further morphological analysis, and DAPI staining showed that nuclei in individual hyphal cells were paired and that the vegetative mycelium was dikaryotic. The presence of hook cells, which are probably real clamp connections ( Fig. 2A) , suggested that this strain is probably a heterokaryon. In the generalised scheme of the life cycle of basidiomycetes an inde¢nite haploid phase alternates with a short diploid phase where meiosis takes place, usually with a heterokaryotic phase of dikaryotic structure interposed (for a recent review on the life cycles and incompatibility systems of model basidiomycetes see Casselton and Olesnicky [23] ). In addition, asexual cycles of various types may or may not occur in the homokaryotic and/or the heterokaryotic phase [24] . In our hands P. cinnabarinus strain I-937 directly inoculated on agar medium produced binucleate asexual spores resulting from the fragmentation of white aerial hyphae. After the period of development in the dark, the mycelium was brought into sunlight, at room temperature. In this condition, the mycelium developed an orange coloured hyphal macroscopic structure (Fig. 2C ) which contained dikaryotic living hyphae and mainly thick-walled empty dead hyphae which interlace. At this stage no asexual dikaryotic spores were harvested from the Petri dish cover. Approximately 3 weeks later white cloudy spots appeared on the cover. Spots were revealed to contain only one type of smallsized spores that had the typical shape of classical basidiospores. A major part of these spores (about 80%) were stained and appeared mononucleate while 20% were not stained by DAPI. Moreover, the spots of spores were not evenly distributed on the cover, but at the periphery of the orange curved structure. In nature P. cinnabarinus develops an orange fruitbody shelf growing from the side of a log or a stump. Like Trametes genus fungi this hymenomycete is commonly considered a bracket fungus and is believed to be an authentic wood rotter, although its fruitbody can also be found as a shelf-like bulb or can simply grow like a button on the top of dead wood stumps. Therefore, the general shape of the fruitbody of this fungus seems to vary, depending of the growing situation or conditions. In the laboratory, shelves were lacking and the orange structure formed a curved layer on the upper surface of agar, able to eject spores at the periphery (Fig. 2C) .
Fragments of aerial and surface hyphae bearing spores that were just located underneath the spots were harvested. Analysis under the microscope revealed the presence of a hymenium-like structure with basidia showing for several of them only two sterigma or four sterigma bearing four individual typical basidiospores (Fig. 2D) . Not all Petri dishes produced spores and approximately one in four were sterile. From these basidiospores, 48 monokaryotic strains arising by germination and outgrowth-isolated spores were obtained. The di¡erent strains were tested for the presence of laccase by a spot test using TMB as laccase detector. Laccase activity was roughly estimated and compared to the parental strain P. cinnabarinus I-937 for colour development. All the strains tested gave a positive response and four strains were selected for their ability to produce high amounts of laccase activity as indicated by the colour test. In further analysis, the time course of laccase production by these strains was followed in liquid culture supple- mented or not supplemented with ferulic acid. As shown in Fig. 1B in ferulic acid-supplied cultures laccase production was in the range of 1665 U l 31 to 25 200 U l 31 , which was markedly enhanced as compared to the range of 730 U l 31 to 9870 U l 31 of the non-supplemented cultures. The best strain for laccase production in ferulic acid-supplemented culture was strain ss3, and strain ss45 for nonsupplemented culture (Fig. 1B) . However, strains ss37 and ss45 did not show any increases of laccase activity in medium supplemented with ferulic acid (Fig. 1B) . As previously suggested this raised the question of the existence of induced and non-induced laccase isoforms. Individual mycelia were allowed to sporulate without success. In comparison to the parental strain I-937, staining of nuclei with DAPI showed that monospore strains from isolated colonies are mononucleate hyphal cells and do not have hook cells (Fig. 2E) . The occurrence of manganese or lignin peroxidase activity was also checked but neither supplemented nor non-supplemented cultures (mono-or dikaryotic) with ferulic acid revealed the presence of such enzyme activities.
The best monokaryotic strain P. cinnabarinus, ss3, and the best parental dikaryotic strain, P. cinnabarinus I-937, were more accurately compared for laccase production in the best culture condition, i.e. ferulic acid-supplied culture medium. The time course of laccase activity production, carbon and nitrogen source consumption and biomass synthesis, are shown in Fig. 3A^C . Maximum enzyme activity reached 29 000 U l 31 on day 7 and 11 000 U l 31 on day 11 for strains ss3 and I-937 respectively. The maximum of laccase activity in the medium was observed when maltose and ammonium were exhausted (Fig. 3A,B) . The decline of laccase activity was considerably pronounced for strain ss3 after day 7 (Fig. 3A) . The biomass curves were very similar and mycelium dry weight reached a maximum of approximately 6^7 g l 31 for both strains (Fig.  3C) . The maltose and ammonium consumption was also very similar (Fig. 3B) . Therefore the increase in activity production by strain ss3 was not due to the increase of its biomass dry weight. Using the antiserum as a probe for laccase on Western blot it was qualitatively shown that the loss of laccase activity after day 7 in strain ss3 medium (Fig. 3A) was not due to the loss of the laccase protein as shown in Fig. 4B . Therefore the disappearance of laccase activity could be due to some kind of inactivation or the replacement of a laccase isoform by another isoform not reacting with ABTS. However, the dikaryotic strain I-937 showed a reliable pattern of laccase activity and laccase protein (Figs. 3A and 4A ). As shown in Fig. 4A ,B antiserum reacted with a laccase protein with a molecular mass comprised within a range of 70^90 kDa. The separation conditions used (denaturing SDS-PAGE) could not allow discrimination between isoforms of close molecular mass, although some extra bands reacted slightly with the antiserum and are visible in Fig. 4B .
Unlike Schizophyllum commune [14] but like Trametes versicolor [25] , monokaryons of P. cinnabarinus are able to produce laccase. Some monokaryons produce equal or higher quantities of laccase than the mother strain. The monokaryotic and haploid state of a strain has the advantage of being easier to handle for mutagenesis, transformation or mating strain in order to select new dikaryotic strains with a high potential for laccase production. However, although we selected monokaryotes, the haploid state of these strains must be veri¢ed by checking allele segregation and incompatibility.
